Oriented strand board (OSB) is an important wood composite used in situations where fungal decay and termite attack can occur. To counter these threats, powdered zinc borate biocide is commonly added to OSB. The effectiveness of biocides depends on their even distribution within composites and resistance to leaching, but little is known about the distribution of zinc borate in OSB. Zinc is denser than wood and it should be possible to map its distribution in OSB using X-ray micro-CT. We test this hypothesis and chemically register zinc in OSB using SEM-EDX. Zinc borate particles aggregated at the wood-adhesive interface in OSB, creating interrupted lines of zinc oriented in the x-y plane. Zinc borate particles were also found in the lumens of wood cells. Zinc was distributed throughout OSB, although slightly less was present in the core of the composite than in surface layers. A network of zinc remained in OSB after leaching in water. The resistance of zinc to leaching may be due to its incorporation in glue-lines within OSB, in addition to its low water-solubility. We conclude that X-ray micro-CT is a powerful tool for studying the distribution of zinc in OSB and other wood composites containing zinc borate.
Introduction
Oriented strand board (OSB) is a composite made by compressing and bonding together wood flakes with a thermosetting adhesive. OSB is the most common load-bearing wood composite panel used in North America, and current global production is approximately 20 million cubic metres per annum [1] . OSB is used for sheathing of buildings (walls, floors, and roofs), webs in structural I-beams, furniture frames, and industrial packaging (pallet tops, export crates, and boxes). In some of these end-uses OSB can be exposed to water for short periods of time. Hence, OSB contains wax to increase its resistance to moisture, and a biocide is often added to enhance its resistance to fungal and insect attack [2] . The most common biocide added to OSB is zinc borate [3, 4] . Zinc borate is also used to protect other bio-based composites from fungal and insect attack, for example, waferboard, oriented structural straw-board, particleboard, medium density fibreboard, laminated strand lumber, bamboo scrimber, and wood plastic composites [4] [5] [6] . Zinc borate is added to OSB as a fine dry powder (1 to 2% w/w) when wood, adhesive, and wax are blended together during the manufacture of OSB [2] . The resulting composite is resistant to both fungal and termite attack, although higher loadings of zinc borate are required to prevent such attack when wood composites are subjected to severe leaching with water [7] .
The effectiveness of biocides at preventing fungal and insect attack of wood composites depends on their even distribution within the composite [8] . For example, Gnatowski et al. in their patent on determining biocide concentration in a composite wood product wrote that "uniform biocide distribution across the product enables economical and proper product protection against insects and fungi" [8] . They go on to say that "non-uniform concentration or distribution may lead to partial damage of the product by fungi or insects" [8] . Despite such statements, few studies have examined the distribution of zinc borate in OSB. Larkin and coworkers used scanning electron microscopy (SEM) and energy-dispersive analysis of X-rays (EDX) and Fourier transform Raman microscopy to examine the distribution of zinc and boron in the wood composite waferboard [9] . Their EDX dot-maps of boron and zinc show localized deposits of zinc borate adjacent to areas that are free of boron or zinc (presumably wood flakes). Their SEM images show individual zinc borate particles on the surface of wood flakes adjacent to adhesive deposits and woody debris. In addition to the latter research, a study of the decay resistance of OSB treated with zinc or calcium borate observed calcium borate particles within the lumens of hardwood flakes in OSB exposed to fungal decay [10] . The lack of information on the distribution of zinc borate in OSB is surprising because the distribution of other biocides in wood and wood composites has received much attention using a variety of analytical techniques including SEM in combination with EDX [11] , inductively coupled plasma atomic emission spectroscopy [7] , X-ray fluorescence microscopy [12] , and X-ray microcomputed tomography (CT) [13] . We used X-ray micro-CT to visualize the microstructure of melamine-urea formaldehyde (MUF) glue lines in the wood composite, particleboard [14] . Wood and MUF adhesive have similar densities, and to visualize the adhesive in the composite we increased its density by covalently bonding copper sulphate to the MUF [14] . Once this was done it was possible to visualize the distribution of the MUF glue lines in the composite [14] . Visualizing the distribution of zinc borate in OSB should be easier because the atomic mass of zinc is similar to that of copper, and it should contrast with wood, voids, and also the thermosetting adhesive in the composite. Hence, we hypothesize that Xray micro-CT will be able to visualize the microdistribution of zinc in zinc-borate-treated OSB. We test this hypothesis here and also examine how the distribution of zinc in OSB is influenced by leaching of the composite in water. Our results clearly demonstrate that zinc borate is distributed throughout the OSB as interrupted lines of particles concentrated at the wood adhesive interface and oriented in the -plane and, less commonly, as individual particles located in the lumens of the wood fibres in OSB strands.
Materials and Methods

Composite Samples.
OSB samples measuring 51 × 51 mm (length × width) and 10.5 mm in thickness were cut from each of eight full-sized OSB panels produced during separate production runs at a commercial OSB mill in Western Canada. The OSB was web-stock used for I-joists destined for export to Australia where there is a significant termite hazard. Hence, zinc borate was added to the web-stock when it was manufactured to increase its insect resistance. The webstock was manufactured from a mix of two nondurable wood species (75% lodgepole pine (Pinus contorta, Dougl.) and 25% aspen (Populus tremuloides Michx.)) bonded together with two different adhesives: phenol formaldehyde (surface layers) and polymeric methylene diphenyl diisocyanate (pMDI, core of boards). The density of the OSB samples after they were conditioned for 1 month at 20 ± 1 ∘ C and 65 ± 5% relative humidity and had a moisture content of 9.9% (St. Dev. = 0.4) was 688.2 kg/m 3 (St. Dev. = 10.2). The thickness of a set of conditioned samples was measured in four places using a digital micrometer and samples were immersed in water for 72 h. The thicknesses of the samples were remeasured immediately after immersion in water and again after they were reconditioned for 18 days. Thickness measurements were used to calculate the orthogonal (thickness) swelling of samples. Another set of samples measuring 25.4 × 25.4 mm (length × width) × 10.5 mm (thickness) was subjected to leaching in water using the American Wood Protection Association Standard AWPA E-11 [15] .
Scanning Electron Microscopy and
Energy-Dispersive XRay Spectroscopy. Small conditioned OSB specimens measuring 10 (length) × 5 (width) × 10.5 mm (thickness) were cut using a hand-held razor saw from parent OSB samples, including specimens subjected to leaching in water. The specimens were clamped one at a time in a small vice and cut with a hand-held, single-edged, razor blade while being viewed under a stereomicroscope, a method similar to the one we have used to prepare planar surfaces of solid wood for scanning electron microscopy [16] . Specimens were stored over silica gel for two days, trimmed to a final size of 10 (length) × 5 (height) × 5 mm (width) and mounted on aluminium stubs using clear nylon nail polish as an adhesive. Specimens were coated with a thin layer of gold or carbon and viewed using a Zeiss Ultra Plus field emission scanning electron microscope equipped with an INCA Energy 450 energy-dispersive X-ray spectroscopy (EDX) system. We used an accelerating voltage of 15 kV and a working distance of 12 to 15.1 mm. The contrast between zinc borate and wood was greatest when images were formed from backscattered electrons and therefore we employed an angular sensitive backscatter detector (AsB) in preference to the in-lens or below-lens secondary electron detectors. Selected backscattered electron images of the surface of OSB specimens containing zinc borate (unleached and leached) were saved as TIFF files. Energy-dispersive X-ray spectroscopy was used to determine the elemental composition of individual points in imaged areas (point analysis) [17] .
X-Ray Microcomputed Tomography.
Oriented strand board specimens measuring 30 × 16 × 10.5 mm (unleached) or 30.5 × 15.4 × 13.1 mm (leached) were imaged using the X-ray micro-CT system designed and built at the ANU. The system is a fine-focus variety that uses a circular scanning trajectory. It consists of an X-ray source (X-Tek RTF-UF225), a rotation stage (Newport RV120PP), and a large (400 × 400 mm) flat panel X-ray detector (PerkinElmer XRD 1621 xN) that has a 2048 × 2048 pixel array. The system design is opticsfree and obtains magnification through simple geometry by utilising the expanding wavefield and adjusting the sourcespecimen and source-detector distances. The lower bound on tomographic resolution of such systems is the radiographic resolution which corresponds to the diameter of the X-ray source, 3-5 m in this case. The voxel size of reconstructed tomograms can of course be smaller than this; however, when imaging the OSB specimens a voxel size of approximately 10.5 m was used.
Each OSB specimen was placed on the rotation stage, located 95 mm from the source, with the detector position 1800 mm from the source, and probed separately with a polychromatic X-ray beam (Bremsstrahlung radiation). For these experiments, the accelerating voltage of the electron beam generating the Bremsstrahlung radiation was 60 kV with a current of 140 A. A series of X-ray transmission radiographs, collectively called the projection data, were acquired by the detector as the specimen was rotated through 360 degrees over a period of 20 hrs. In order to satisfy Nyquists sampling criterion, the number of radiographs required in a projection set is approximately pi ⋅ /2 for an × × voxel reconstruction; 2880 radiographs were taken in our experiments. A 3D volume of the X-ray attenuation property of each specimen, known as a tomogram, was reconstructed from the projection data set using the Feldkamp-Davis-Kress (FDK) algorithm [18] . The X-ray attenuation property of a material is proportional to density at a given X-ray energy; therefore, a tomogram can be viewed as a density map. The FDK algorithm is an approximate inverse of the Radon transform and assumes X-ray attenuation to be linear with material thickness. However, X-ray attenuation is not linear with material thickness and is a function of X-ray energy. Monochromatic (single-energy) X-ray projection data can be linearised according to the Beer-Lambert law and is then suitable for reconstruction via the FDK algorithm. This is not strictly true for polychromatic projection data and a similar manipulation of the data (as for monochromatic data) can produce beam-hardening artifacts in the tomogram. The term beam-hardening refers to the preferential attenuation of lower energy X-rays leading to a higher-energy (or harder) X-ray beam. The simplest method to reduce beam-hardening artifacts is to filter the X-ray beam. This prehardens the beam, reducing the energy distribution. A 2 mm thick glass filter was used when imaging the OSB specimens. Post-acquisition software beam-hardening correction methods exist [19, 20] ; however, they were not employed here since the tomograms produced were of sufficient quality to unambiguously segment the wood, void, and zinc phases as described below.
Visualization and Numerical Analysis of Zinc in Orientated Strand
Board. The mango software (http://www. physics.anu.edu.au/appmaths/capabilities/mango.php) was used for image enhancement and segmentation of the three different phases in the tomographic data: Phase 1 = void; Phase 2 = wood; Phase 3 = zinc. Image enhancement is usually carried out on X-ray CT data sets because the data contains noise. Here, an anisotropic diffusion filter, which removes noise and enhances edges in the image, was used [21, 22] . Segmentation, the process of converting the data set into its three phases, used the converging active contours (CAC) method [22] . CAC was applied to the data sets twice and was followed by a step that reduced noise further by removing isolated clusters smaller than 10 voxels from Phase 2 (wood).
Segmentation was able to identify the different phases in the tomograms and quantify the percentages of each phase in unleached and leached OSB specimens. Quantitative information on the distribution of zinc in the composite used chord length analysis [23] , which gives the probability that a randomly chosen chord in phase has length . A chord is defined as any line segment which lies entirely in phase with end points at the phase interface. In this study, chords were traced through the zinc phase in all three orthogonal directions ( , , and ) in the composite. Data sets were visualized in 2D and 3D using volume rendering in which a transfer function assigns each voxel a colour and transparency [24] . The colour of wood flakes in OSB is initially rendered in their native brown colour to facilitate understanding of images. Thereafter images are rendered in colours that maximize contrast between wood (blue) and adhesive (yellow). Volume rendering was performed using the software Drishti, which is an open source volume exploration and presentation tool for visualizing tomographic data and is available at http://sf.anu.edu.au/ Vizlab/drishti/. Processing of CT data used a Compaq AlphaServer supercomputer located at the Australian Partnership for Advanced Computing, Australia's national supercomputing facility. Visualization of tomographic data with Drishti used a desktop computer equipped with a powerful graphics card (NVIDIA GeForce GTX 590, Santa Clara, CA, USA).
Results and Discussion
High intensity regions that are white in scanning electron microscopy (SEM) images could be clearly seen at the surface of unleached and leached oriented strand board (OSB) specimens when they were examined using field emission scanning electron microscopy. These high intensity regions were concentrated at the interface between the strands of pine and aspen in the composite and were present in both unleached and leached specimens (arrowed in Figure 1 ). Both types of specimens contained cracks, but they were larger in specimens that had been leached (compare Figure 1(a) versus Figure 1(b) ), in accord with previous studies that have shown that leaching and subsequent drying cause delamination of OSB [25] . The high intensity regions, hereafter called white deposits, contrasted strongly with underlying wood when OSB specimens were observed using backscattered electrons (Figure 1 ). These electrons provide a signal that is dependent upon atomic number, suggesting that the deposits contained a heavy element, possibly zinc.
Point analysis of multiple white deposits using energydispersive X-ray spectroscopy (EDX) confirmed that they contained zinc (Figure 2(a) ). EDX did not detect boron in the deposits, as expected, because the carbon coating used to make SEM specimens conductive strongly absorbs Xrays emitted by boron; secondly, X-ray emission of light elements such as boron is low and furthermore there is a high probability of X-rays being absorbed by the specimen [26] . Nevertheless, zinc borate particles could be clearly seen at higher magnifications in voids or in lumens of some cells within wood strands (Figures 2(b) and 2(c), arrowed) . These particles were knobbly and irregular in shape and resembled the type 1 form of particles found in zinc borate powder and photographed by Gnatowski [27] , rather than the rhomboids or irregular aggregates of spheres, platelets, and shards, which are also described in [27] [28] [29] . There was great variation in the size of zinc borate particles in OSB; for example, particles larger and smaller than 20 m and 1 m, respectively, were common. In addition to these individual particles, zinc borate also occurred in a more homogeneous tightly packed form, filling the lumens of some wood cells (arrowed in Figure 2(d) ). Scanning electron microscopy is not very good at revealing the spatial distribution of elements in materials, as its field of view is small and it probes the surface rather than the bulk of a material, whereas X-ray micro-CT is commonly used to examine the spatial distribution of elements in rocks, polymers, and various biological materials including wood and wood composites [13, 14, 23, 24, 30] . Figure 3 shows rendered in-plane X-ray micro-CT images of unleached (Figure 3(a) ) and leached (Figure 3(b) ) OSB specimens. Denser material is rendered green. These dense "green" areas occur between the brown coloured wood elements in the OSB creating interrupted lines that are aligned in the -plane. These lines resemble those observed in Figure 1 , which were composed of white deposits containing zinc. The right-hand images in Figure 3 subtract wood and void from the coloured images and more clearly show the distribution of the denser material, hereafter referred to as zinc deposits.
The deposits of zinc in unleached OSB occur at the surface of flakes and in some cases trace the outline of flakes (arrowed in Figure 3(a) ). We observed the same features in our previous study of the distribution of a melamineurea formaldehyde (MUF) adhesive in the wood composite particleboard [14] , suggesting that some of the zinc borate and adhesive in the OSB are located together. Zinc borate is blown onto wood flakes at the same time as aqueous adhesive and wax during the manufacture of OSB. Powders adhere to wet tacky surfaces [31] , and this probably also occurs when zinc borate powder is blended with wet resinated wood flakes, accounting for why zinc deposits are located at the wood adhesive interface in the OSB. The zinc appears to be fairly evenly distributed throughout the composite, although slightly less is present in the centre (core) of unleached OSB than in surface layers. In our previous study, which used X-ray micro-CT to examine the morphology of MUF glue lines in particleboard, we observed that the continuity of the glue lines was more complete where there was better interparticle contact between flakes. We observed the same here, as can be seen in Figure 3(a) where deposits of zinc trace the outline of some flakes that are in good contact with each other. Such distribution was observed in numerous tomographic slices, but was more common in the surface of the specimens presumably because greater densification of the surface when the OSB was pressed resulted in better interflake contact. Further evidence that zinc is associated with adhesive in the OSB is its concentration around small particles of wood or "fines" (Figure 4 ). Adhesive clumps to such small particles and hence reducing the "fines" in OSB is a common way of lowering the adhesive consumption and cost of manufacturing the composite [32] . The distribution of zinc in a leached OSB specimen is shown in Figure 3(b) . Zinc is still mainly located at the interface between wood flakes, but the continuity of the deposits has been disrupted by delamination between flakes and also cracking of flakes. Such changes were associated with the pronounced orthogonal (thickness) swelling of the composite, which averaged 26.4% after OSB specimens were soaked in water for 72 h and reconditioned at 20 ± 1 ∘ C and 65 ± 5% relative humidity for 18 days. Figure 3  also shows that zinc deposits were less distinct after the OSB samples were soaked in water. This may be caused by delamination and separation of glue lines containing zinc and the distribution of zinc over a greater area as a result of thickness swelling of specimens. The planar image of the water-soaked OSB specimen (Figure 3(b) ) is not particularly good at showing spatial distribution of the zinc remaining in the specimen after leaching. Therefore we created 3D images showing the distribution of zinc in the leached and unleached specimens ( Figure 5 ) and a 3D animation showing the distribution of zinc in the leached specimen ( Figure 6 ). Figure 5 clearly shows the presence of a network of zinc in the OSB specimens before and after leaching, although the network is finer and more diffuse in the leached specimen, as images in Figure 3 suggested. Figure 6 shows static sequential (left to right) images from an animation of part of a zinc borate treated OSB specimen subjected to leaching. The first part of this animation shows a rectangular block of OSB with light brown wood flakes and light blue "glue lines" containing zinc. Later the animation progressively reveals the distribution of zinc in the composite by subtracting a central "window" of wood from the block of OSB. The full animation can be found, played or downloaded at the following web-site https://www.onedrive.live.com/ redir?resid=7CDA96CBC892D009%21107. This animation and the images in Figures 3 and 5 show that a discontinuous planar network of zinc exists within OSB even after a severe leaching regime. Such a network of zinc in the leached OSB specimens may explain, in part, why zinc borate is an effective biocide for OSB and other bio-based composites.
Chord length analysis was used to examine changes in the spatial distribution of zinc in the composite following leaching [23] . The frequency histograms of chord lengths in zinc in the and directions are shown in Figure 7 . The frequency histograms for chord lengths in the direction show that leaching caused chord lengths to shift left to lower values. This shift indicates that deposits of zinc borate became thinner in the (thickness) direction as a result of leaching, possibly due to delamination of flakes and separation of glue lines that contained zinc borate. This suggestion accords with 2D and 3D images (above, Figures 3 and 5) , which show that deposits of zinc were finer in the leached compared to unleached specimens. The frequency histograms for chord lengths in zinc in the and directions showed that leaching shifted chord lengths to the right. Such a shift to longer chord lengths, which was more pronounced in the direction (Figure 7 (Figures 3 and 5) . The unleached specimen contained 1.2% zinc compared to 0.8% in the leached specimen. The depletion of zinc in the composite accords with previous studies that have shown that severe laboratory leaching regimes deplete some of the zinc in OSB treated with zinc borate [7, 25] . However, as the images above show, a network of zinc remains in the composite after leaching. The presence of residual zinc in OSB after leaching is certainly due to the low solubility of zinc borate as others have noted [3, 4] , but our results suggest that it may also be due to its encapsulation in the polymer matrices of the thermosetting adhesives (PF and pMDI) used as the binders in the OSB. Further research is needed to confirm this suggestion which, if correct, may provide a way of controlling the release of zinc in the composite by altering the physical properties of the adhesives used in OSB.
Conclusions
We conclude that X-ray micro-CT can visualize zinc in oriented strand board containing the powdered biocide, zinc borate. Our findings should allow others to map the spatial distribution of zinc in the many other wood composites that are treated with zinc borate and also examine the effects of process variables and environmental factors on the distribution of zinc. We found that zinc was distributed throughout the OSB as interrupted lines of particles concentrated at the wood adhesive interface and oriented in the -plane. Hence, we conclude that zinc is collocated with the adhesives used to bond wood flakes in OSB. Our SEM observations also show that some zinc borate particles are deposited the lumens of the wood fibres in OSB strands. Some zinc was lost when OSB was subjected to leaching in water, but a 3D network of zinc remained in the composite. The resistance of zinc to leaching may be due in part to its incorporation in the polymer matrices of the adhesives. Further research is needed to confirm this hypothesis, which, if correct, could lead to the development of ways of controlling the release of zinc within zinc borate treated OSB, possibly by modifying adhesive properties.
